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1. Introduction

Higgs properties

After the Higgs discovery we must make sure it is the
Higgs boson of the Standard Model and Spontaneous
Electroweak Symmetry Breaking. We must measure the
following properties:

(i) JPY Quantum numbers

e Behaviour of Z — ZH at threshold

e Angular correlations in Higgs decays,
eg. H—~ ff

e Yang's theorem

(i) The HVV and Hff couplings

In particular Htt:
e For light higgs bosons: radiation of Higgs
bosons off top quarks ¢t — Ht
e indirectly by measuring Hvvy and Hgg cou-
plings, which are mediated by virtual top
quark loops

(iil) The triple and quartic Higgs self-couplings

Can use to reconstruct the Higgs potential it-
self.

Today I will discuss how to definitively confirm the spin-
less nature of the Higgs boson.
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2. Higgs-strahlung
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with £ = ?[ p_,: Jf" ‘V/;
Characteristics:

e Threshold behaviour ~ g
e Scaling behaviour ~ 1/s asympotically

Angular dependence:

1 r}"r"r' 3 B82sin“H + 8M32/s

or ” COS ¢ ’ .L"_!;_ 'l; 2 + 12i|/;f,‘_fff 5

e Isotropic at threshold
e asymptotically — %sinza as equivalence theorem
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Angular dependence in a general model

#» Angular dependence constrained by properties of an-
gular momentum operator

Matrix Element;

M= Jee=z L g

t s—M2 Y2 ZH

(Lepton current picks out transverse components of ZH
current)

e Generally we can write ZH current as
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Polarized Cross-sections
For longitudinally polarized ete:

der
dcosd

+(1 + CDSQ 9) (||—01|2 _+_ ||—10|2 + ||—12|2)

~sin? o(|r%°7 4 2|rtH?)

For transversly polarized ete:

de

d Ccos Odd
+(1 _|_ COSE 9) (““Oll? _I_ |r~10|2 + Irl?l?)]
—(v? — a?) cos 24 5in% 8

v, (|r00|2 + 2||-~11|2 . |r01|2 . “—10|2 . |r12|2)

~ (v 4+ aZ)[sin? 6 (M0 4 2| %)
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3. Form factors for Higgs bosons of Spin S

e Split into two cases for even/odd normality
Normality n = (—1)%P

e.g. scalars and vectors have normality n = 1

pseudoscalars and axial-vectors have normality n = —1

e H=~vy = Jy # 1 by Yang's Theorem

ie. H— ~v at the LHC or LC,
or vy — H at a ~ collider

¢ Rotational invariance = [\ = [A2Aw = [Pz

T

Odd Normality: n = -1

Parity = [ l“ Al = x:al ”]‘ —An
= l_g? =0 for ny = —1

e Observance of ' rules out normality n = —1.

eg. in Higgs-strahlung with Z — ff
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For n =1

der

dCos0dcos b, do. (rotril - r00rioy cos g, sin 26, 5in 26

+211%2 5in? 9 sin? 6,
+|I"°12 sin? 6 sin? 4, cos 24
+ (912 +r*?) (1 + cos? 0) (1 + cos? 6,)
+2(|F%% 4+ |FH2) sin? 8(1 4+ cos? 6,)
dvyaf Ve Qe
(0§ + a%) (v2 + a2)

— (|92 — |2)%) cos @ cos 6,.)

44 ((roor1l . rotrity sin 9 sin 6, cos ¢.

For n= -1

der

~ il cos ¢, sin 26, sin 26
dcos0dcos b, dp. ¢

—|r1%2sin? §sin? 6. cos 2¢.
+ (92 + M) (1 + cos? 0)(1 + cos? 6.)
+2(|r%2 + rtt 2y sin? 9(1 + cos?6,)
dvpaf ve e
(2 + a?) (v2 + a2)

—(Ir't92 — |r*3Y cos f cos b,)

(ro*rilsingsin g, cos ¢,

+ 4

(6. and ¢, are Z decay angles)
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General Analysis

Write down most general current:

Flé — r'il":t‘,!‘!”li,"]f\;.';.i-_‘)...,f:ii-.;
—_—

K i ) . .--LJ‘ 3‘“ ] Y
J €70(Pzy Az) €xg,. 3, (DH. AH)

e Polarization tensor eyg,. 3, symmetric and traceless

= TrehB-Bs must be:

e symmetric in 8; < ;

e cannot contain g7

e Only transverse component of J#* contributes

oV T
=g -y, + £,
q q

Longitudinal component removed by conserved Lepton
current:

"L, =20

= Effective current is transverse:
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Spin O

FLLCY Ly NI I S N7 NTa Y NAE N 4y
' =a1(g"* — q¢"q“/s) + ax(k” — g"(Mz — Mg )/ s)q

where q = pz + py, k =pz — pu

Each momentum contracted with a polarization vector
gives either:

o p; - €i(pi, \i)=0,1=2Z,H

o pi-€;(pj,\; ==x1)=0, i,5=2,H

° pi€(pj; A = 0) = 5B, 1,5 =2, H, i 7 j
Leads to form factors:

-- 1 1 32 42
FUO = —-—--—((11 E A —ﬂ— o .53" - ;if:‘ﬂ’“'l)
my 2

[ 10 = a3

e For Spin 0 predict cross section at threshold rises lin-
early with 8 (one power of 8 from the phase space).

o Will show that almost all other spin terms lead to
higher powers of 8 (as did a»)
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Spin 1
General tensor:
THP = by g*P(k* — (MZ — M%) ¢"/s)
+b2 (g™ — " g**)
+b3 ¢%g° (K* — (M ? — M%) q"/s)/s

+b4 ( q°g o +({ gt —2q%g" U“ 's)

Form factors:

M99 = [by (s — M3 — M7) —bos + S bss 3

/"

_V° 3
2 My My'
i =4, ,\/E;t-'z

M0 = (b, + m)

+bs (M2 — M32)]

’WH

()1 , = 5
— (b~ !
(b2 +be) 5

17

= Spin one Higgs displays at least a ° dependence at
threshold
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Spin 2
General tensor:
e c1 (ng/31 (guﬁ: - qx-cqﬁ: /5) + gaﬁg(guﬁ:{ — g Hx /s ))
+eo (" — ¢"q"/¢*) 47 ¢
+c3 (9" g™ + g™ — 24" g% /) ¢°
e (9°%q" + 9" g™ (W = ¢"(MZ = ME) /5)
+es (k" — ¢" (M7 — M) /) ¢“¢™q™

Form factors:

/2/3
00 — / (c1 Ey(s — Mz — M%)

Mz M?

1 ‘ “
—Zszﬂz [cg Ey—2c3Ey+2ca(s— Mz — i7‘4{3{’)%’\/@'
L ama
558 B7)

1 “I‘
Fo1 _— _ Sei(s — M2 — M2 2 42
2\@VMMH( c1(s — M2 i) + c3s°8°)
1
— \/2/3(61 -+ 5 €2 32/82)
H
2 1
Ml — “A}\/:I;(Cl Epg — 554 53/2/82)
M2 =2¢

Problem: ¢; presents terms with no 8 dependence
Mimics Spin O: cross-section will rise like 8 at threshold
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Distinguishing Spin 0 from Spin 2
e Observation of B rise at threshold = ¢; # 0
e Thus if S=2then M2 +£0

o Consider Z decaying via Z — ff and examine angular
correlations to measure |[M12]

do
dcosfdcoso,

(1 4 cos?0)(1 + cos?8,) (|02 + [r12)2)

4 v Qe afuys

(02 + a2)(aZ + v2)

+4 cosf cos 8, (|02 — [r'212) + .

e Depends only on § = 2, ¢; # 0 hypothesis and well-
kKnown properties of the Z boson

e Can also measure M2 from azimuthal correlation be-
tween H and Z decay planes
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Spin § > 2

For § > 2 have no new tensor structures and the same
number of independent coefficients

e Can write TH*55:5 in terms of the spin 2 case

g% ..q"

= = B B, i g s r" fs)

b3y 3233 N e 0y
1% 2 T A
P Vi , -

Ty
Only have extra momenta which contract with the Higgs
polarization tensor
e Have only higher powers of 3 for higher spins
For S > 2 leading threshold behaviour:
o~ pp2E2l=p 53 5%
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Normality n = —1

Now,
-_“‘:‘”'-":\“” e -)\.»"'“.3\.“ —y, UK\» s [
[ m L= __rm L= rurix = U
Spin O
General tensor:
n‘:if-lj'_l,r-'r = a1 € J‘xlf‘}:g(',;‘!.?'g,r'_) i;[{,:g

Form factors:

M9 =q158

Observe 83 behaviour at threshold
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Spin 1

General tensor:

,_—l«p..r_y/_i} — bl C___,ucnﬁpqp _|_ bg (Euf.x,{'i'pkp nﬁprrqp q,u */H)

b3 %7 (k — ¢ (M3 — M7)/5) 'k

Form factors:
r%=o

| 1 |
= \/g(bl s+ bo (M3 — Mz) + bs s°5%)

1

= /s M H(bl s By + bz (By (M3 — M7) + 25302 5%))
1 | |

ot = NYE (b1s Bz + bz (Ez (M7 — Mfy) — = "3/ °6°))

Again, have terms with no 8 dependence
Distinguish by measuring M0

Also ruled out by observing H — v
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Spin 2

General tensor:

Tﬂﬂﬁlﬁz e (Eﬂﬂﬁlpqﬁz _I_ Eﬂﬂﬁz.ﬂqﬁl)(clqﬂ’ _i_ Cgi‘i?‘p)
s (07 g ey (R — gP (M3~ M3)/5) ¢°K7
+-cq €M7 pkaqﬁl B2

Form factors;

=0

= \F‘/A_/[ B(c1s+ co(Mz— M3+ c35°8%)
H

1 o
= v 2/3M—25 (c15Eg + 2 (BEg(Mz — M§) + 533]25"')
H

+% ca 35/2512)

5 1

ot = E Ez(Mjz — M§) — =s>/?3°
\/—MEMHIB(CIS z + c2 (BEz(Mz — Mg) = 557°6°)

2 =0

Have 33 rise at threshold
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Spin § > 2

As with even normality, have no new tensor structures
byond spin 2.

All higher spins contribute higher powers of 8

For § = 2 leading threshold behaviour:
o~ 275 =3, %, .

Mixed Normality

e What happens if H is not a parity eigenstate?
Must add tensors TrefB2-8 for odd and even normality
together.

.
MPP = My +M_|?=|My]?+ M |?+2Re My M*

o |[M4|? terms give same 8 dependence as before
e Interference term always gives non-linear 3 dependence

Again, will observe non-linear rise in ¢ at threshold for
all spins > 2.

e Use angular correlations to rule out spin 1 and 2.
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4., Summary and Conclusions

o The dependence of ete~ — ZH on 8 at threshold
provides a definitive confirmation of a spinless Higgs
boson.

If cross-section grows like 8 =
Higgs has normality n =1 and S =0 or 2
OR
Higgs has normality n = -1 and S=1

e Normality n = —1 can be ruled out by measuring non-
zero 00

e S = 2 can be ruled out be examining the angular
dependence of the cross-section

D.J. Miller L CWS2000, Fermilab, Oct. 2000



